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Protein synthesis and the redundancy of the genetic code 
 
The transfer of genetic information into protein products is 
termed translation (Figure 1; for detailed reviews on the mechanisms 
of translation, please see [1-3]).  Messenger RNA (mRNA), 
transcribed from DNA, is translated into protein by a template driven 
process.  The template is composed of a specific combination of 61 
trinucleotide codons which encode 20 amino acids.  This genetic code 
is common to most organisms and is referred to as redundant because 
all amino acids, with the exception of Tryptophan and Methionine, 
are encoded by more than one codon (termed synonymous codons).  
Codons are read by adaptor molecules called transfer RNA (tRNA) 
that bear matching (cognate) trinucleotide sequences, or anticodons.  
This reading or decoding of the codon occurs by recognition through 
base pairing, where at least two hydrogen bonds are formed between 
each of the nucleotide pairs that make up the codon:anticodon 
minihelix.  Only one position of the codon:anticodon minihelix 
allows pairing that can deviate from standard Watson-Crick (G:C and 
A:U) interactions.  In the third nucleotide of the codon and the first 
nucleotide of the anticodon, the so-called Wobble position, 
nonstandard base pairing can occur and results in altered base stacking 
conformations that are different from that of Watson-Crick pairing 
yet  remain  within  the conformational constraints of the glycosidic  
  
 
 
 
 
 
 
 
 
  
 
 
bonds [4].  Interestingly, there are three conserved nucleotides in the 
bacterial 70S ribosome which maintain decoding fidelity by 
monitoring the conformation of the bases in the codon:anticodon 
minihelix [1]. The monitoring of base conformations is much more 
stringent in the first two nucleotide positions of the minihelix than in 
the wobble position, allowing for flexibility or wobble in the decoding 
of this position [1].  For example, nonstandard pairing of G:U and 
U:G, in which one less hydrogen bond is formed compared to 
standard G:C and C:G pairing, is allowed only in this position.  
Furthermore, post-transcriptional deamination of adenosine to 
inosine in the first anticodon position (INN) expands the decoding 
capacity from strictly Watson-Crick (A:U) to other allowed  
“wobble” base pairing (I:U, I:C, I:A) [4]. Adenosine deamination 
occurs in all eukaryotic ANN anticodons;  however, in bacteria, this 
modification is exclusive to the ACG anticodon of tRNAArg [5].  
There are many other base modifications throughout the tRNA 
molecule, but these are more variable and will not be considered here.  
Upon decoding, peptide bond formation is catalyzed in the peptidyl-
transferase center of the ribosome and is followed by translocation of 
the ribosome to the next codon.  While diversity exists across 
evolution in the complexity of the ribosome [1, 6], translation 
regulation factors [1, 6], and tRNA gene composition [7], the core 
processes of translation are remarkably conserved and consist of three 
general steps:  initiation, elongation, and termination.   
Translation rates are not uniform along an mRNA and vary with 
the codon composition of the message, since the individual translation 
rates of codons have been shown to vary by as much as 25-fold [8-
10]. The non-uniformity of rates has been proposed to depend on 
tRNA concentration, the nature of base pairing, and/or mRNA 
secondary structure [10-12]. The former two will be discussed later in 
this review.  A logical assumption is that a stable mRNA secondary 
structure may hinder or slow translation by either preventing the 
ribosome from binding or by acting as a speed bump during 
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ribosomal progression.  Indeed, the presence of stable mRNA 
secondary structures in the ribosomal binding site have been shown to 
largely affect  expression levels as a result of interference with 
translation initiation [12]. However, the role of mRNA secondary 
structure in determining polypeptide elongation rates has been 
disputed [10, 13, 14].   Once the ribosome has initiated translation, it 
displays powerful helicase activity capable of disrupting very stable 
mRNA secondary structures (Tm = 70°C) [15].  This suggests that 
mRNA secondary structure plays an insignificant role in the rate of 
translation elongation, which is the main process addressed in this 
review. mRNA secondary structure likely plays a much more 
significant role in translation initiation and termination rates, which 
will not be discussed here.  Additionally, most of the material 
presented in this review pertains to the bacterial ribosome. 
 
Polypeptide elongation rate determinants 
 
The process of polypeptide elongation occurs by the sequential 
addition to the growing polypeptide chain of a single amino acid 
brought to the ribosome by a molecular complex with three 
constituents: aminoacyl tRNA (aa-tRNA), elongation factor Tu (EF-
Tu), and GTP (a so-called ternary complex) bearing the correct 
(cognate) anticodon for the mRNA codon in the ribosomal A site 
(Figure 1).  There are three general steps to the elongation cycle:  
tRNA selection, peptidyl transfer, and translocation.  tRNA selection, 
or decoding, consists of an initial binding of the ternary complex to 
the ribosome followed by codon recognition.  Then, the GTPase 
activity of EF-Tu is activated, which subsequently causes GTP 
hydrolysis, EF-Tu dissociation, and accommodation [16].  
Accommodation is the movement of the amino acid portion of the 
aa-tRNA in the A site closer to the peptidyl tRNA in the P site for 
peptidyl transfer to occur [1].  Following peptidyl transfer, binding of 
elongation factor G (EF-G) and GTP hydrolysis catalyze the 
translocation of the ribosome one codon forward, so that the tRNAs 
now reside in the E and P sites, respectively [1].   The elongation 
cycle continues as the codon in the newly vacant ribosomal A site 
awaits the next tRNA arrival.  Interestingly, the ribosomal A site is 
likely seldom vacant and is instead sampled by cognate, near-cognate, 
and non-cognate tRNAs [17]. The terms, near-cognate and non-
cognate, have conventionally been assigned to tRNAs which have 
single or multiple base mismatches with a given codon, respectively. 
However, Plant et al have challenged that a functional definition, 
namely the ability to form a minihelix with the codon in the 
ribosomal A site, better distinguishes a near- from a non-cognate [18]. 
It is important to note, that as peptidyl transfer and translocation 
occur much faster, tRNA selection appears to be the rate limiting step 
of ribosomal progression along the mRNA during polypeptide 
elongation [10, 19, 20].  Independently, two groups have observed 
large rate differences in the steps of polypeptide elongation by 
performing high resolution kinetic studies of the bacterial ribosome in 
vitro. They have determined that the rate of ternary complex GTPase 
activation in response to codon recognition is the rate limiting step of 
peptidyl transfer.  They found that GTP hydrolysis of the cognate 
ternary complex occurs 650-fold [16] or approximately 116-fold 
[21]  faster than the near-cognate one (base mismatch in 1st codon 
position in these studies).  The other measurable rates were similar 
between cognate and near-cognate tRNAs, with the exception of a 
faster dissociation of the near-cognate during codon recognition [16].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The nature of the codon:anticodon interaction influences translation elongation. (a) Summary of salient steps during bacterial translation elongation. 
After initiation, a ternary complex of tRNA (cyan) charged with an amino acid (red dot) and EF-Tu:GTP (not shown) binds to the A site of the 70S complex 
(gray/green) (1). GTP is then hydrolyzed, which results in incoming tRNA accommodation and release of EF-Tu and deacylated tRNA from the E site (2). The 
nascent polypeptide (chain of colored dots) is then transferred from the peptidyl tRNA in the P site to the incoming tRNA (3). EF-G binding and subsequent GTP 
hydrolysis (not shown) results in the critical translocation step, by which the now empty tRNA in the P site is transferred to the E site and the new peptidyl-tRNA 
is placed in the P site (4). EF-G release now renders the complex competent for a new round of elongation  (5) or release and termination, if a stop codon is now 
encountered in the A site. (b) Space filling representation depicting an actual complex of mRNA and tRNAs in the E, P and A sites (PDB file 2Y18, from [76]. (c) 
Stick representation displaying the details of the codon (blue):anticodon (cyan) interaction in the A site shown in b (from [same as above]). (d) Enlarged view of 
actual UGG codon and tRNATrp anticodon minihelix (PDB file 2Y18 [76]). Wobble position is circled to emphasize that elongation rates will be faster or slower 
depending on the type of interaction as indicated. 
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Modeling of this kinetic data agrees with a competition for the A site 
whereby the binding and rejection of a number of near-cognate 
tRNAs, prior to the binding and accommodation of the cognate 
tRNA, delays the rate of translation [17, 22].The faster rate of 
cognate anticodon recognition combined with the rapid rejection of 
the near-cognate anticodon emphasize the role of tRNA selection in 
determining the rate of polypeptide elongation. 
Since the binding of the aa-tRNA-containing ternary complex to 
the ribosome is essentially a binding reaction, concentration of the 
cognate tRNA for a particular codon should influence the rate at 
which the ribosome translates that codon.  This has indeed been 
shown by examining the correlation between codon translation rates 
and cognate tRNA concentrations [10].  Increasing the concentration 
of tRNATrp four-fold by overexpression results in a three-fold increase 
in translation rate of the corresponding codon, UGG [8] (tryptophan 
is one of only two amino acids which are encoded by a single codon).  
Most codons can be read by more than one isoacceptor tRNA due to 
Wobble pairing in the third position of the codon and first position 
of the anticodon [4].  Conversely, a single tRNA anticodon can 
decode various synonymous codons, and these can vary in translation 
rates.  For example, the only two codons encoding glutamate, GAA 
and GAG, are decoded by a single aa-tRNA species at differing rates 
of 21.6 and 6.4 codons/second, respectively [9] (Figure 1). Similar to 
GAA and GAG, other in vivo measured translation rates of 
synonymous codons read by identical aa-tRNAs show that those with 
Watson-Crick pairing in the wobble position are translated faster 
than those with wobble pairing in every instance [8, 9]. When more 
than one codon is translated by a single tRNA, the only difference is 
the nature of the base pairing and base stacking between the third 
codon position and the first anticodon position. The different rates 
observed clearly demonstrate that base pairing in the wobble position, 
in addition to tRNA concentration, determines codon translation 
rate.  Recent ribosomal profiling has solidly corroborated this effect 
on  in vivo rates in C. elegans and HeLa cells by showing genome 
wide that ribosomes occupy Wobble read codons for 50% longer 
than Watson-Crick read codons [14]. Furthermore, out of all NNC 
and NNU codons, the former are translated faster in C. elegans and 
HeLa cells.  This result agrees well with what has been reported 
previously in E. coli [8]. As all NNC/NNU codon pairs are 
synonymous and can be decoded, in eukaryotes, either by Watson-
Crick (G:C), near-Watson-Crick (I:C) or Wobble pairing (G:U or 
I:U) anticodons (depending on the tRNA gene content of the 
organism), comparisons of ribosomal occupancy can be derived for 
certain pairs. Where this was possible, the difference in ribosomal 
occupancy was greater between Watson-Crick and Wobble than near-
Watson-Crick and Wobble [14], implying that rate of codon 
recognition can be ranked as follows:  Watson-Crick > near-Watson-
Crick > Wobble.  
What might be the advantages that organisms derive from being 
capable of modulating their translation elongation rates? In addition 
to enhancing the ability of individual segments of a polypeptide to 
fold (or avoid misfolding) during translation (please see below), 
global regulation of these rates might be greatly beneficial to cells 
whose growth is generally regulated by protein synthesis rates 
according to the “growth optimization model”[23]. It is well known 
that the process of translation is not absolutely accurate [24]. Yet, 
various mutations in the bacterial translational apparatus can result in 
so-called hyperaccurate protein synthesis, where significantly fewer 
mistakes are made during translation [24]. However, these mutations 
result in considerably slower rates of polypeptide elongation. In other 
words, in these mutants, accuracy is achieved at the expense of speed. 
Thus, it can be concluded that wild type polypeptide elongation rates 
are a compromise between accuracy and velocity. In circumstances 
where nutrient availability is limited (and growth is restricted), the 
cell might need to decrease the production of proteins, yet ensure that 
those that are synthesized are relatively error free. In opposite 
circumstances, cells might take advantage of ample nutrients and not 
be gravely affected by amino acid misincorporation, as errors would 
be diluted as cells grow and divide. 
 
Codon bias does not necessarily determine polypeptide 
elongation rate 
 
As discussed in the above section, it is likely that polypeptide 
elongation rates depend both on the nature of the anticodon-codon 
interaction as well as actual aa-tRNA concentrations. The 
concentrations of tRNA molecules have been experimentally 
determined for several organisms and cell types, although these 
measurements do not distinguish between charged and un-charged 
tRNAs. Regardless, the concentration of particular sets of tRNAs has 
been shown to correlate relatively well with corresponding tRNA 
gene numbers. For example, in E. coli, the r-values   (numerical value 
describing the linear dependence of datasets such that r = 1.0 
indicates a perfect, positive linear relationship) have been reported to 
vary between 0.74 and 0.9 while in B. subtillis r = 0.86 [25, 26]. In 
the eukaryote  S. cerevisiae, the correlations reveal a similar 
dependency:  r = 0.91 [27].  Additionally, it is known that there 
exists some variation in expression of tRNA as a function of growth 
conditions in both bacteria [28] and unicellular eukaryotes [29]. 
Regardless of these caveats, tRNA gene number has been largely 
accepted as a means to estimate relative aa-tRNA concentrations in 
multiple organisms.  It is important to note that correlations have 
indeed been found between tRNA gene number and the nonrandom 
use of synonymous codons in highly expressed genes in several 
unicellular organisms. This has led to the hypothesis that in organisms 
whose growth rates are largely dependent on the overall rate of 
protein production, the translation process has been accelerated, and 
thus optimized, by evolving codon usage in highly expressed genes to 
match the most abundant tRNAs [11].  In other words, evolving 
highly expressed genes to largely contain codons read by abundant 
tRNA would  increase the rate of essential protein production and 
thus increase growth rates in these organisms. These codons were 
designated as “optimal codons” since they appeared to be favored 
over their synonymous counterparts in highly expressed genes. 
Conversely, codons rarely found in highly expressed genes were 
termed “non-optimal codons” because they were correlated with low 
abundance tRNAs, although to a lesser extent.  Genes with low 
expression in these organisms, such as those encoding regulatory 
proteins, were found to be encoded by less biased usage of optimal 
and non-optimal codons.  These results have led to the generalized 
assumption that frequently used codons are translated fast, and 
infrequently used codons are translated slowly across organisms, even 
though the inverse has been shown to occur for some codons [8].  
This is perhaps due to the fact that the correlation between codon 
usage frequency and tRNA availability is clearly not absolute (Figure 
2, tabulated from the Genomic tRNA database 
http://gtrnadb.ucsc.edu/   [7]). For example, highest codon usage 
frequency and highest tRNA gene number agree only in 11 codons in 
human and 6 codons in E. coli.  Furthermore, in most organisms, 
there are examples in which the most frequently used codon for a 
particular amino acid across the genome has zero Watson-Crick-
decoding tRNA genes and thus must rely on a tRNA that decodes via 
non-Watson-Crick interactions, which, as mentioned above, is 
generally slower. For example, in E. coli and human, there are 9 and 4 
cases, respectively, where the most frequently used codon for a 
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particular amino acid has zero Watson-Crick-decoding tRNA genes 
(Figure 2). Furthermore, there are several instances where there are 
vastly more tRNA genes for a particular codon, but the frequency 
with which that codon is used is only slightly higher (for example, the 
codons for Asn in humans, Figure 2).  It is important to note here 
that there are different ways in which a codon can be designated as 
“frequent” or “rare”. The original studies derived codon frequencies 
from only highly expressed genes, whereas modern databases (such as 
the one utilized to generate Figure 2) tabulate frequencies based on 
the total appearance of codons across entire genomes. There would 
undoubtedly be more agreement between high tRNA abundance and 
high usage frequency for E. coli if the codon usage data were 
restricted to highly expressed genes instead of considering all 
sequenced E. coli genes. 
 
 
 
 
 
 
 
 
 
 
 
The correlation between tRNA abundance and codon usage is 
maintained for the previously discussed glutamate codons of E. coli, 
as GAA is more frequently used, has more cognate tRNA genes, and 
is translated faster than its synonymous glutamate encoding 
counterpart [7, 9].  However, in the same study, the in vivo 
translation speeds of one frequent codon, CCG (Pro), and one rare 
codon, CGA (Arg), were translated at very similarly slow rates.  This 
is likely due to the low availability of tRNAs to decode these codons 
(there are 1 and 0 cognate tRNA genes corresponding to these 
codons, respectively; Figure 2). 
These findings and others of the time [11, 30, 31] cultivated an 
increased emphasis on biased codon usage frequencies in translation 
speed and evolution studies. In addition to the various datasets that 
can be utilized to measure codon frequencies, there are multiple 
formulas by which measures of codon frequency can be calculated, 
which have led to reports of significantly different usage frequency 
values [32] and thus variable correlations between “usage frequency” 
and “speed” [14].  Absolute codon frequency is the number of times a 
given codon is present in a given gene, set of genes, or an entire 
genome [33].  The Genomic tRNA database 
(http://gtrnadb.ucsc.edu/) displays a value for absolute codon usage 
frequency as a percent of the occurrence of a particular codon 
throughout all coding sequences available for the organism listed, and 
does not take into account whether or not that codon is part of a 
synonymous codon block [7, 34]. An important caveat of this method 
is that individual amino acids are not equally present in the coding 
sequences and may introduce an amino acid-related bias in the 
observed codon usage frequency patterns.  In order to represent codon 
usage bias independently of amino acid bias, relative frequencies can 
be calculated.  Relative codon frequency is the ratio that results from 
dividing the absolute codon frequency of a particular codon by the 
sum of the absolute codon frequencies of all codons in a synonymous 
block [32].  Another codon usage metric, Relative Synonymous 
Codon Usage (RSCU) [35], takes the calculation one step further by 
normalizing equal codon usage frequencies within a synonymous 
block to 1.0 (by multiplying the relative codon frequency by the 
number of synonymous codons in that block).  As stated above, 
highly expressed genes in bacteria and unicellular eukaryotes tend to 
be encoded by frequent codons. However, there is no evidence for 
such bias in the highly expressed genes of vertebrates [11, 14]. 
Interestingly, in C. elegans, genes with high expression were found to 
be enriched for codons that the authors demonstrate to be translated 
faster by ribosomal occupancy times [14]. Therefore, the adequacy of 
codon bias for relative translation rate predictions is limited to highly 
expressed genes in some unicellular and simple multicellular 
organisms. 
 
Polypeptide elongation rates and protein folding 
 
To become biologically active, the great majority of proteins 
must fold into precise three-dimensional conformations. Invaluable 
insights regarding how protein chains acquire their so-called native 
states have come from in vitro refolding experiments [36] and 
computational biology approaches [37]. These studies have 
demonstrated that the amino acid sequence of a protein encodes in its 
entirety the necessary information to attain its native state. De novo 
protein folding in the cell differs from in vitro refolding in various 
fundamental aspects, which have just begun to be understood [38, 
39]. In vivo, proteins emerge gradually from the ribosome as they are 
being synthesized. Thus, the full-length protein sequence is not 
available for folding all at once, as it is during in vitro refolding. 
Furthermore, the vectorial nature of ribosomal protein synthesis 
imparts additional constraints on the folding process. The N-
terminus of the protein is always exposed to solvent before its more 
C-terminal elements, and the rate of appearance of the nascent chain 
is generally significantly slower (seconds to minutes) than observed 
rates of in vitro refolding (nanoseconds to seconds). Furthermore, in 
contrast to the optimal conditions prepared for refolding experiments, 
protein folding in the cell occurs under significant macromolecular 
crowding and at fixed temperature and ionic strength [40]. In order 
to allow efficient folding under these conditions, the cell has evolved 
proteins that assist during de novo folding. These proteins, known as 
“molecular chaperones”, bind reversibly to emerging polypeptides and 
maintain   them  in  an   unfolded  ( or  partially  folded )  state  until  
Figure 2. Differences in tRNA gene content across organisms. Codons 
boxed in blue denote tRNA genes often absent in bacteria and eukaryotes, 
while codons boxed in green denote genes mostly absent only in bacteria. 
Actual tRNA gene numbers and codon usage frequencies for humans and 
E. coli are provided as indicated. Numbers in red color denote most 
frequent codons for which there is no cognate tRNA gene in each 
organism. Data were were obtained from [7]. 
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sufficient sequence has been synthesized to form a native domain [41, 
42]. 
The ability to synthesize proteins recombinantly has shown that 
bacterial systems are often incapable of producing native proteins 
from human or other eukaryotic origins [43, 44]. The poor capacity 
of the bacterial cytosol to support efficient folding of certain model 
proteins has been exploited to investigate the mechanisms and 
molecules involved in these processes. It is possible that this inability 
may be due to the presence of incompatible bacterial chaperones [45, 
46] or the absence of specialized eukaryotic chaperones [47, 48]. In 
addition to their distinct chaperone complements, a major difference 
between the protein biosynthetic machineries of bacteria and 
eukaryotes that has remained largely unexplored is the rate at which 
proteins are synthesized. In E. coli, polypeptide elongation rates vary 
from ~12 amino acids per second (aa/s) during slow growth to ~20 
aa/s during fast growth [49]. In contrast, elongation rates in 
eukaryotes are thought to be fairly constant and considerably slower 
(~5 aa/s) [50]. Thus, the folding pathways of nascent polypeptide 
chains in eukaryotes evolved in the context of synthesis rates slower 
than those of bacteria. Since translation is spatially and temporally 
coupled to protein folding, synthesis of certain eukaryotic proteins by 
bacterial ribosomes at abnormally fast speeds may be incompatible 
with their folding regimes. 
Indeed, it has long been hypothesized that variations in mRNA 
translation rates could have significant impact on the folding of 
encoded polypeptides [51, 52] and sequence-based manipulation 
constitutes a promising strategy to improve the folding of 
recombinant proteins in heterologous systems [53, 54]. The effect of 
globally altering translation speeds has been demonstrated by 
heterologous expression in an E. coli strain that has been mutated to 
produce slow-translating ribosomes [55].  In this study, slow 
translation resulted in higher folding efficiency of the recombinant 
proteins compared to those that were translated by faster wild type 
ribosomes [55]. The effects of regional variations in translation rates 
on protein folding are generally addressed in two types of approaches:  
(1) computer-based searches for correlations between codon 
composition of mRNAs and structural features of the encoded 
polypeptides; and (2) biochemical investigations of the effects of 
silent substitutions on the activities of specific proteins (Table 1). 
These studies have found conflicting results on whether or not certain 
types of codons encode amino acid residues present in particular 
structures of the native protein, such as domain boundaries, regions of 
random coil, or certain secondary structural elements, etc. (Table 1).  
Similarly, there has been disagreement in the literature regarding the 
effect of “fast” or “slow” codons at certain positions on the solubility 
and activity of particular proteins (Table 1).  These discrepancies are 
partially due to the fact that most of these studies base translation rate 
predictions on measures directly related to the above concept of 
biased codon usage (such as the Codon Adaptation Index [56] and 
%MinMax [57]), which as stated above, may not accurately reflect 
polypeptide elongation rates.  
How can subtle differences in polypeptide elongation rates 
impact the folding of the polypeptide emerging from the ribosome? 
Although 2-3 fold differences in the rates of ordinary reactions might 
not be generally considered significant from a chemical kinetics point 
of view, a 2-3 fold difference in the rate of synthesis of a protein may 
have profound biological consequences. For example, a subtle increase 
in the concentration of a partially folded, aggregation-prone 
polypeptide intermediate during translation may exceed the critical 
concentration of the intermediate and lead to its nucleation-
dependent aggregation, thus forming intracellular aggregates. In 
essence, the finding that variations in translation rates impact protein 
folding [55] support the notion that not all proteins fold globally, but 
rather follow particular pathways throughout the available structural 
space, influenced by the speed at which they emerge vectorially from 
the ribosome. This idea may find applications in a variety of fields 
and settings, including improvements in the production of recalcitrant 
proteins for vaccine development, recombinant pharmaceuticals and 
structure-determination studies. 
Knowledge of the determining factors of polypeptide elongation 
rates reviewed here should lead to more prudent speed designations 
for codons and thus more accurate predictions of variations in 
translation rates along mRNA.  This information will help us to 
understand how this hidden layer of information encoded in mRNA 
influences the resulting protein structure formation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Genetic Code Redundancy 
6 
Volume No: 1, Issue: 1, April 2012, e201204006 Computational and Structural Biotechnology Journal | www.csbj.org 
Acknowledgements
This work was supported in part by the UTMB Claude D. Pepper Older
Americans Independence Center NIH/NIA Grant #P30AG024832.
Citation
Spencer PS, Barral JM (2012) Genetic code redundancy and its
influence on the encoded polypeptides. Computational and
Structural Biotechnology Journal. 1 (1): e201204006. doi:
http://dx.doi.orgl 10.59361csbj.201204006
References
1. Schmeing TM, Ramakrishnan V (2009) What recent ribosome structures
have revealed about the mechanism of translation. Nature 461: 1234-1242.
2. Steitz TA (2008) A structural understanding of the dynamic ribosome
machine. Nat Rev Mol Cell BioI 9: 242-253.
3. Bashan A, Yonath A (2008) Correlating ribosome function with high-
resolution structures. Trends Microbiol16: 326-335.
4. Crick FH (1966) Codon--anticodon pairing: the wobble hypothesis. ] Mol
BioI 19: 548-555.
5. Grosjean H, de Crecy-Lagard V, Marck C (2010) Deciphering synonymous
codons in the three domains of life: co-evolution with specific tRNA
modification enzymes. FEBS Lett 584: 252-264.
6. Ban N, Nissen P, Hansen ], Moore PB, Steitz TA (2000) The complete
atomic structure of the large ribosomal subunit at 2.4 A resolution. Science
289: 905-920.
7. Chan PP, Lowe TM (2009) GtRNAdb: a database of transfer RNA genes
detected in genomic sequence. Nucleic Acids Res 37: D93-97.
8. Curran ]F, Yarus M (1989) Rates of aminoacyl-tRNA selection at 29 sense
codons in vivo.] Mol Bioi 209: 65-77.
9. Sorensen MA, Pedersen S (1991) Absolute in vivo translation rates of
individual codons in Escherichia coli. The two glutamic acid codons GAA
and GAG are translated with a threefold difference in rate. ] Mol Bioi 222:
265-280.
10. Varenne S, Buc ], Lloubes R, Lazdunski C (1984) Translation is a non-
uniform process. Effect of tRNA availability on the rate of elongation of
nascent polypeptide chains.] Mol Bioi 180: 549-576.
11. Ikemura T (1985) Codon usage and tRNA content in unicellular and
multicellular organisms. Mol Biol Evol2: 13-34.
12. Kudla G, Murray AW, Tollervey D, Plotkin ]B (2009) Coding-sequence
determinants of gene expression in Escherichia coli. Science 324: 255-258.
13. Sorensen MA, Kurland CG, Pedersen S (1989) Codon usage determines
translation rate in Escherichia coli.] Mol Bioi 207: 365-377.
14. Stadler M, Fire A (2011) Wobble base-pairing slows in vivo translation
elongation in metazoans. Rna 17: 2063-2073.
15. Takyar S, Hickerson RP, Noller HF (2005) mRNA helicase activity of the
ribosome. Cell 120: 49-58.
16. Gromadski KB, Rodnina MV (2004) Kinetic determinants of high-fidelity
tRNA discrimination on the ribosome. Mol Cell 13: 191-200.
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Genetic Code Redundancy 
7 
Volume No: 1, Issue: 1, April 2012, e201204006 Computational and Structural Biotechnology Journal | www.csbj.org 
17. Fluitt A, Pienaar E, Viljoen H (2007) Ribosome kinetics and aa-tRNA
competition determine rate and fidelity of peptide synthesis. Comput Bioi
Chern 31: 335-346.
18. Plant EP, Nguyen P, Russ JR, Pittman YR, Nguyen T, et al. (2007)
Differentiating between near- and non-cognate codons in Saccharomyces
cerevisiae. PLoS One 2: e517.
19. Uemura S, Aitken CE, Korlach J, Flusberg BA, Turner SW, et al. (2010)
Real-time tRNA transit on single translating ribosomes at codon resolution.
Nature 464: 1012-1017.
20. Johansson M, Bouakaz E, Lovmar M, Ehrenberg M (2008) The kinetics of
ribosomal peptidyl transfer revisited. Mol Cell 30: 589-598.
21. Lee TH, Blanchard SC, Kim HD, Puglisi JD, Chu S (2007) The role of
fluctuations in tRNA selection by the ribosome. Proc Natl Acad Sci USA
104: 13661-13665.
22. Chu D, Barnes DJ, von der Haar T (2011) The role of tRNA and ribosome
competition m coupling the expression of different mRNAs in
Saccharomyces cerevisiae. Nucleic Acids Res 39: 6705-6714.
23. Ehrenberg M, Kurland CG (1984) Costs of accuracy determined by a
maximal growth rate constraint. Q Rev Biophys 17: 45-82.
24. Kurland CG, Hughes D, Ehrenberg M (19%) Limitations of translational
accuracy. In: Neidhart FC, editor. Escherichia coli and Salmonella: Cellular
and Molecular Biology. Washington, D. C. ASM Press. pp. 979-1004.
25. Ikemura T (1981) Correlation between the abundance of Escherichia coli
transfer RNAs and the occurrence of the respective codons in its protein
genes. J Mol Bioi 146: 1-21.
26. Kanaya S, Yamada Y, Kudo Y, Ikemura T (1999) Studies of codon usage
and tRNA genes of 18 unicellular organisms and quantification of Bacillus
subtilis tRNAs: gene expression level and species-specific diversity of codon
usage based on multivariate analysis. Gene 238: 143-155.
27. Percudani R, Pavesi A, Ottonello S (1997) Transfer RNA gene redundancy
and translational selection in Saccharomyces cerevisiae. J Mol Bioi 268: 322-
330.
28. Dong H, Nilsson L, Kurland CG (19%) Co-variation of tRNA abundance
and codon usage in Escherichia coli at different growth rates. J Mol Bioi
260: 649-663.
29. Heyman T, Agoutin B, Fix C, Dirheimer G, Keith G (1994) Yeast serine
isoacceptor tRNAs: variations of their content as a function of growth
conditions and primary structure of the minor tRNA(Ser)GCU. FEBS Lett
347: 143-146.
30. Bennetzen JL, Hall BD (1982) Codon selection in yeast. J Bioi Chern 257:
3026-3031.
31. Grantham R, Gautier C, Gouy M, Mercier R, Pave A (1980) Codon catalog
usage and the genome hypothesis. Nucleic Acids Res 8: r49-r62.
32. Perriere G, Thioulouse J (2002) Use and misuse of correspondence analysis
in codon usage studies. Nucleic Acids Res 30: 4548-4555.
33. Suzuki H, Brown C], Forney LJ, Top EM (2008) Comparison of
correspondence analysis methods for synonymous codon usage in bacteria.
DNA Res 15: 357-365.
34. Nakamura Y, Gojobori T, Ikemura T (2000) Codon usage tabulated from
international DNA sequence databases: status for the year 2000. Nucleic
Acids Res 28: 292.
35. Sharp PM, Tuohy TM, Mosurski KR (1986) Codon usage in yeast: cluster
analysis clearly differentiates highly and lowly expressed genes. Nucleic Acids
Res 14: 5125-5143.
36. Anfinsen CB (1973) Principles that govern the folding of protein chains.
Science 181: 223-230.
37. Bradley P, Misura KM, Baker D (2005) Toward high-resolution de novo
structure prediction for small proteins. Science 309: 1868-1871.
38. Hartl FU, Hayer-Hartl M (2002) Molecular chaperones in the cytosol: from
nascent chain to folded protein. Science 295: 1852-1858.
39. Kramer G, Boehringer D, Ban N, Bukau B (2009) The ribosome as a
platform for co-translational processing, folding and targeting of newly
synthesized proteins. Nat Struct Mol Bioi 16: 589-597.
40. Ellis R], Minton AP (2006) Protein aggregation in crowded environments.
Bioi Chern 387: 485-497.
41. Hartl FU, Hayer-Hartl M (2009) Converging concepts of protein folding in
vitro and in vivo. Nat Struct Mol Bioi 16: 574-581.
42. Frydman J (2001) Folding of newly translated proteins in vivo: the role of
molecular chaperones. Annu Rev Biochem 70: 603-647.
43. Baneyx F, Mujacic M (2004) Recombinant protein folding and misfolding
in Escherichia coli. Nat Biotechnol22: 1399-1408.
44. Dingermann T (2008) Recombinant therapeutic proteins: production
platforms and challenges. Biotechnol J 3: 90-97.
45. Agashe VR, Guha S, Chang HC, Genevaux P, Hayer-Hartl M, er al. (2004)
Function of trigger factor and DnaK in multidomain protein folding:
increase in yield at the expense offolding speed. Cell 117: 199-209.
46. Kaiser CM, Chang HC, Agashe VR, Lakshmipathy SK, Etchells SA, et al.
(2006) Real-time observation of trigger factor function on translating
ribosomes. Nature 444: 455-460.
47. Gautschi M, Mun A, Ross S, Rospert S (2002) A functional chaperone triad
on the yeast ribosome. Proc Natl Acad Sci USA 99: 4209-4214.
48. Spiess C, Meyer AS, Reissmann S, Frydman J (2004) Mechanism of the
eukaryotic chaperonin: protein folding in the chamber of secrets. Trends
Cell Bioi 14: 598-604.
49. Bremer H, Dennis PP (19%) Modulation of chemical composition and
other parameters of the cell by growth rate. In: Neidhart FC, editor.
Escherichia coli and Salmonella: Cellular and Molecular Biology.
Washington, D. c, ASM Press. pp. 1553-1569.
50. Mathews MB, Sonenberg N, Hershey JWB (2000) Origins and principles of
translational control. In: Sonenberg N, Hershey JWB, Mathews MB,
editors. Translational control of gene expression. Cold Spring Harbor, New
York: Cold Spring Harbor Laboratory Press. pp. 1-31.
51. Itano HA (1968) The structure-rate hypothesis and the toll bridge analogy.
In: Rich A, Davidson N, editors. Structural Chemistry and Molecular
Biology. San Francisco: W. H. Freeman and Company. pp. 275-280.
52. Purvis 1], Bettany AJ, Santiago TC, Coggins JR, Duncan K, et al. (1987)
The efficiency of folding of some proteins is increased by controlled rates of
translation in vivo. A hypothesis. J Mol Bioi 193: 413-417.
53. Welch M, Villalobos A, Gustafsson C, Minshull J (2009) You're one in a
googol: optimizing genes for protein expression. J R Soc Interface 6 Suppl 4:
S467-476.
54. Angov E (2011) Codon usage: nature's roadmap to expression and folding
of proteins. Biotechnol J 6: 650-659.
55. Siller E, DeZwaan DC, Anderson JF, Freeman BC, Barral JM (2010)
Slowing bacterial translation speed enhances eukaryotic protein folding
efficiency. J Mol Bioi 3%: 1310-1318.
56. Sharp PM, Li WH (1987) The codon Adaptation Index--a measure of
directional synonymous codon usage bias, and its potential applications.
Nucleic Acids Res 15: 1281-1295.
57. Clarke TF IV, Clark PL (2008) Rare codons cluster. PLoS One 3: e3412.
58. Krasheninnikov lA, Komar AA, Adzhubei lA (1989) Role of the code
redundancy in determining cotranslational protein folding. Biokhimiia 54,
187-200.
59. Crombie T, Boyle JP, Coggins JR, Brown AJ (1994) The folding of the
bifunctional TRP3 protein in yeast is influenced by a translational pause
which lies in a region of structural divergence with Escherichia coli
indoleglycerol-phosphate synthase. Eur J Biochem 226, 657-664.
60. Thanaraj TA, Argos P (19%) Protein secondary structural rypes are
differentially coded on messenger RNA. Protein Sci 5, 1973-1983.
61. Thanaraj TA, Argos P (19%) Ribosome-mediated translational pause and
protein domain organization. Protein Sci 5,1594-1612.
62. Brunak S, Engelbrecht J (1996) Protein structure and the sequential
structure of mRNA: alpha-helix and beta-sheet signals at the nucleotide
level. Proteins 25, 237-252.
63. Adzhubei AA, Adzhubei lA, Krasheninnikov lA, Neidle S (19%) Non-
random usage of'degenerate' codons is related to protein three-dimensional
structure. FEBS Lett 399, 78-82.
64. Ivanov IG, Saraffova AA, Abouhaidar MG (1997) Unusual effect of clusters
of rare arginine (AGG) codons on the expression of human interferon alpha
1 gene in Escherichia coli. Int J Biochem Cell Bioi 29, 659-666.
65. Komar AA, Guillemet E, Reiss C, Cullin C (1998) Enhanced expression of
the yeast Ure2 protein in Escherichia coli: the effect of synonymous codon
substitutions at a selected place in the gene. Bioi Chern 379,1295-1300.
66. Komar AA, Lesnik T, Reiss C (1999) Synonymous codon substitutions
affect ribosome traffic and protein folding during in vitro translation. FEBS
Lett 462, 387-391.
67. Gupta SK, Majumdar S, Bhattacharya TK, Ghosh TC (2000) Studies on
the relationships between the synonymous codon usage and protein
secondary structural units. Biochem Biophys Res Commun 269, 692-696.
  
 
 
 
 
 
 
 
 
 
Abbreviations used:  
A, adenine; A site, aminoacyl tRNA site; aa-tRNA, aminoacyl tRNA; C, 
cytosine; E site, exit site; EF-G, elongation factor G; EF-Tu, elongation 
factor Tu; G, guanine; N, nucleoside;  P site, peptidyl tRNA site; RSCU, 
relative synonymous codon usage; Tm, melting temperature; U, uracil. 
 
Competing Interests:  
The authors have declared that no competing interests exist. 
 
Received: 21 December 2011 
Received in revised form: 29 February 2012 
Accepted: 10 March 2012 
 
 
 
 
 
© 2012 Spencer and Barral.  
Licensee: Computational and Structural Biotechnology Journal.   
This is an open-access article distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original 
author and source are properly cited. 
Genetic Code Redundancy 
8 
Volume No: 1, Issue: 1, April 2012, e201204006 Computational and Structural Biotechnology Journal | www.csbj.org 
68. Makhoul CH, Trifonov EN (2002) Distribution of rare triplets along
mRNA and their relation to protein folding. J Biomol Struct Dyn 20, 413-
420.
69. Gu W, Zhou T, Ma J, Sun X, Lu Z (2003) Folding type specific secondary
structure propensities of synonymous codons. IEEE Trans Nanobioscience
2,150-157.
70. Kimchi-Sarfaty C, Oh JM, Kim IW, Sauna ZE, Calcagno AM, et al. (2007)
A "silent" polymorphism in the MDR1 gene changes substrate specificity.
Science 315, 525-528.
71. Hamano T, Matsuo K, Hibi Y, Victoriano AF, Takahashi N, et al. (2007) A
single-nucleotide synonymous mutation in the gag gene controlling human
immunodeficiency virus type 1 virion production. J Virol 81, 1528-1533.
72. Zhang G, Hubalewska M, Ignatova Z (2009) Transient ribosomal
attenuation coordinates protein synthesis and co-translational folding. Nat
Struct Mol Bioi 16, 274-280.
73. Zhou T, Weems M, Wilke CO (2009) Translationally optimal codons
associate with structurally sensitive sites in proteins. Mol BioI Evol 26,
1571-1580.
74. Saunders R, Deane CM (2010) Synonymous codon usage influences the
local protein structure observed. Nucleic Acids Res 38, 6719-6728.
75. Zhang F, Saha S, Shabalina SA, Kashina A (2010) Differential arginylation
of actin isoforms is regulated by coding sequence-dependent degradation.
Science 329,1534-1537.
76. Schmeing TM, Voorhees RM, Kelley AC, Ramakrishnan V (201l) How
mutations in tRNA distant from the anticodon affect the fidelity of
decoding. Nat Struct Mol Biol 18, 432-436.
